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Abstract In this study, bioceramics of alumina, zirconia, and
silica were synthesized through Nd:YAG laser sintering pro-
cess aiming at studying the microstructure and phase compo-
sition based on the various laser processing parameters used.
Optimal parameters of scanning speed and average laser power
for selective laser sintering were determined. Effect of shifting
of consecutive single vector on the process of forming the
monolayer was also studied. Following the synthesis, the
structure and composition were characterized by scanning
electron microscopy and analyzing X-ray diffraction. The re-
sults help understand the characteristics of the laser-sintered
composite ceramic formed and suggested more applications in
the biomedical fields in future.
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1 Introduction
Selective laser sintering (SLS) is one of the popular rapid
prototyping processes for forming complex components with
diverse material properties from metal, plastic, ceramic, etc.
By using CAD/CAM, three-dimension arbitrary-shaped com-
ponents can be produced through additive laminated-material
process without special dies and tools. Accordingly, flexible
fabrication method can reduce the design time and total cost.
Theoretically, any heated powders which are bonded together
can be used as raw materials for SLS. The kinds of raw
materials have covered polymers, ceramics, metal powders,
and their composite powders. SLS technology has a wide
range of applications and also is highly focused by industries
owing to SLS process superiority such as widely available
materials, suitable for multi-purpose and no-support forming
process, no dies [1–4].
Ceramics are now becoming a possible alternative to the
common metallic implant materials for acetabular cup im-
plants and dental scaffolds. Since, the ceramic materials are
biocompatible and more wear resistant in comparison to other
metal alloys. Furthermore, alumina and silica as biomaterials
are widely used in dental applications [5–9].Many researchers
studied the zirconia toughed by alumina [10–16]. The intro-
duction of zirconia into the Al2O3-based composition can
improve the bioceramic toughness. Ader [8] applied selective
laser melting to manufacture ceramic slurry but crack forma-
tion during solidification appeared. Liu [17] processed ceram-
ic parts based on the SLS process with acid binder.
Improvements in the SLS of bioceramics at the National
University of Singapore produced specimens without post-
treatment and any binder. This study is aiming at obtaining
optimal laser process parameters and confirms the best patch
of the biomaterials. Furthermore, phase structure and com-
position changes before and after laser sintering showed the
transformation ZrO2 phase in the composition, and in par-
ticular characterization of biomaterial microstructures.
2 Experimental procedure
SLS was carried out on a laser machine consisting of a pulsed
Nd:YAG laser, SL600 series laser and a self-designed and built
powder layering device. The Nd:YAG laser has a maximal
continuous power of 60 W with a wavelength of 1,064 nm,
and can be focused to a diameter of 0.1 mm. The laser beam
path moved over the powder surface according to the product’s
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cross-section or by following a predefined 2D pattern using an
XYZ table. In this experiment, the main parameters were
chosen.
Materials for SLS were prepared using Al2O3 (Merck,
99 %), ZrO2 (Alfa, 99 %) and SiO2 (Merk, 60.08 g/mol). Three
patches of powder mixture of 60%Al2O3/20%ZrO2/20%SiO2
(AZS1), 50%Al2O3/30%ZrO2/20%SiO2 (AZS2), and
40%Al2O3/30%ZrO2/30%SiO2(AZS3), corresponding to the
eutectic composition, were dry milled in Fritsch planetary ball
mill machine for 6 h prior to forming parts. After ball milling
the powders were sieved using a 75-mesh sieve.
Phase present in the milled powder as well as partially
and fully reaction-bonded samples were analyzed by a
SHIMADZU X-ray diffraction 6000 (Cu Kα radiation). For
analyzing microstructure, the optical microscope (KEYENCE
VH-Z450) and scanning electron microscopy (S-4300) incor-
porating energy-dispersive X-ray analysis were adopted.
3 Results and discussion
3.1 Optimizing laser process parameters
3.1.1 Effect of laser power on sintering single vector
of monolayer
Figure 1 compares the width of laser sintering vectors of the
monolayer respectively at the average laser output power of
20 and 40 W and different scanning speeds from 5 to
40 mm/s with a step of 5 mm/s. It is observed clearly that
the existence of continuous vectors and non-continuous
vectors at two different laser powers. Figure 2 reveals the
morphologies of SLS powder at different scanning speeds
under 20- and 40-W laser power. It is clear that stable
molten pool was formed at 40 W below the scanning speed
of 15 mm/s. When the scanning speed is higher than
20 mm/s, discontinuity of the melting pool is obvious.
Continuous vectors are sintered at the speed from 10 to
25 mm/s at the power value of 40 and 20 W. It is obvious
that for the given laser output power, the temperature and
the volume of the molten powders are higher at lower
scanning speeds. It is also known that surface tension coef-
ficient as well as melting viscosity decrease with tempera-
ture. Thus, a higher laser power lowers surface tension
making the sintering vector on a series of individual drop-
lets. The increase of the melt volume and the decrease of the
Fig. 1 Width of laser sintering vectors of the monolayer at 20 and
40 W, respectively
Fig. 2 Optical microscope of
laser sintering monolayer at a
20 W and b 40 W, respectively
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melt viscosity due to the decrease of scanning speed results
in heat affected zone larger and molten vectors irregular.
It is shown that sintering chemical compounds at differ-
ent laser power led to the formation of different patterns of
the single vector. In the range of the studied laser parame-
ters, desirable quality of single vector was formed by choos-
ing at P=40 W, V=15 mm/s, and 20 mm/s, while at P=
20 W, V=15 mm/s, and 20 mm/s.
3.1.2 Effect of single-vector hatching density on sintering
the monolayer
In order to obtain the best quality of sintered parts, optimal
laser process parameters must be determined. When the
value of scanning speed is constant, the appropriate laser
power can improve the quality of sintering. In accordance
with the results of the previous studies, the laser scanning
speed is fixed at 15 mm/s. In the process of increasing laser
power from 30 to 40 W, the surface layer is found dense
sintered; while the laser power attained to 50 W, the layer
seemed to be over sintering. Over sintering due to high
temperature or long sintering time makes the final product
quality deterioration. The dimensions of over-sintered parts
do not meet the requirement and a few bubbles exit in the
interior of the parts. The liquid phase (glass phase) which
widens the grain boundaries, leads to the abnormal growth
of crystals and mixing with the enriched grain boundary and
results in the decrease of the binding force between grains.
Figure 3 depicts the optical microscope at different laser
power under the composite microstructure and sintered
powder layer morphology. At a low laser power of 30 W,
the laser energy is not high enough to melt most of the
powders. Therefore it cannot form a good dense layer as
shown as in Fig. 3a. With increasing laser power to 40 W, the
powder was fully melted.When the laser power is increased to
50 W, the melting pool is too large. The absorbed powder at
the edge of the melting pool during the process of the solid-
ification will cause overburning, shown in Fig. 3c. Therefore,
in order to obtain a good quality part the value of the laser
power is identified as 40 W.
3.2 Microstructure
Because of the close relation between the properties and the
microstructure, much work has been focused on the pro-
cessing of bioceramics in order to modify the microstructure
and enhance the material properties so as to control the
proportion and morphology of composite materials. The
Fig. 3 The optical microscope
image of sintered layer under
different laser output power, at
a laser power 20 W, b laser
power 40 W, and c laser power
50 W
Fig. 4 X-ray diffraction spectra before and after laser sintering
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composition of main chemical content after sintering has
changed from monoclinic zirconia (m-ZrO2) towards tetrag-
onal zirconia (t-ZrO2) and condrum (α-Al2O3) to mullite
with some residuals of starting materials as shown in Fig. 4.
The use of SiO2 additions plays an important role in forming
a liquid phase during the sintering. After sintering, the
melted silica, particles bridge other particles together to
build an interconnective porous structure. Furthermore, the
amorphous silica also acts as a stabilizer rather than the
binder.
The high dispersed silica phase provides mullitization with
corundum rather than between α-alumina and quartz. The
mullite ceramic has excellent properties with high melting
point, low thermal expansion, chemical inertness, especially
slight increase with mechanical properties at high tempera-
tures. However, mullite is also proved to be biomaterial [18].
The mullite, especially the mullite needles, should promote
the mechanical stability of the samples [19].
The microstructure investigation of the chemical composi-
tion indicated that some special phenomenon during the reac-
tion of laser sintering process was found. The characteristics
of the microstructures of AZS1, AZS2, and AZS3 are shown
in Fig. 5a–c. The less silica content in AZS1 and AZS2 leads
to a less liquid-phase volume. The microstructure of AZS1
material is always constituted by lengthened and cross-
binding grains of mullite. The examination of the ternary
Al2O3–ZrO2–SiO2 phase diagram [20] revealed that for the
two studied compositions the first phase which crystallization
are zirconia and mullite, as a result the embedding of a large
proportion of zirconia particles in the mullite grains. These
intragranular zirconia particles are more numerous in AZS3
than AZS1 owing to the higher zirconia content in the original
AZS3 material. In the AZS2 materials, mullite grains are less
lengthened as shown in Fig. 5b.
The dendrite-like microstructure of mullite particles leads
to a improving of the fracture properties and a higher pro-
portion of transgranular fracture mode which leads to an
increase of the fracture energy. The fracture toughness prop-
erties can be increased to some extent by studying a series of
fibrous microstructures with changing aspect proportions.
To further confirm the influence of scanning speed to the
biomaterials, this study focused on the phase structure and
composition changes. The microstructures of different speeds
are presented in Fig. 6a, b. Figure 6 describes the different
areas by energy-dispersive X-ray (EDX) test at higher scan-
ning speed, 20 mm/s. The content of main elements in the
white area (Ι) was 24.05Al–5.12Zr–14.23Si–56.60O (in wt%)
as shown in Fig. 5a while the black area (ΙΙ) was 21.00Al–
5.86Zr–17.53Si–49.15O (in wt%). It is noticeable that the
increase in the content of two elements (Si and Zr) as shown
in Fig. 6 and a decrease in the content of Al. The non-uniform
distribution of main elements resulted from the fast scanning
Fig. 5 SEM micrographs of
three patches; surface of a AZS
1 at scanning speed 20 mm/s b
AZS2 at scanning speed
20 mm/s, c AZS3 at scanning
speed 20 mm/s, and d AZS3
scanning speed 15 mm/s
Fig. 6 EDX spectrum of the
dendrite-like phase: a the white
area in Fig. 4 and c the black
area in Fig. 5
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speed. However at the speed of 15 mm/s, the obtained scan-
ning electron microscopy (SEM) images shown in Fig. 5d
revealed the particles distribute uniformly. Furthermore, three
main elements also conformed to the raw materials proportion
and the different areas tested by EDX shows the main content
are nearly same. With the optimal scanning speed, the
interlayer bonding strength and the mechanical strength of
the whole components can be improved. Bonding agents can
be uniformly distributed and the strength of the specimens can
be enhanced with the scanning speed of 15 mm/s.
4 Conclusions
By characterizing the laser process parameters for the
bioceramic powder with the size less than 1 μm, the optimal
parameters of the scanning speed and average laser power
were identified as 15 mm/s and 40 W. This paper studied
different proportions of bioceramics, AZS1, AZS2, and
AZS3, and obtained the optimal material compositions.
The microstructure of the AZS1 and AZS2 showed
dendrite-like phase. In comparison of the results of before
and after laser sintering shows that the SLS process
transformed tetragonal zirconia to a monoclinic form. Thus,
the composition of AZS3 has better material properties than
that of AZS1 and AZS2. At the slower scanning speed, the
uniform composition was obtained.
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